The transcription factor NPAS2 is one of nine human core circadian genes that influence a variety of biological processes by regulating the 24-h circadian rhythm. Recently, it has been shown that NPAS2 is a risk biomarker in human cancers and plays a role in tumorigenesis by affecting cancerrelated gene expression, and relevant biological pathways. However, it is difficult to study the biological involvement of NPAS2 in cancer development, as little is known about its direct transcriptional targets. The aim of the current study is to create a transcriptional profile of genes regulated by NPAS2, using a human binding ChIP-on-chip analysis of NPAS2 in MCF-7 cells. This genome-wide mapping approach identified 26 genes that contain potential NPAS2 binding regions. Subsequent real-time PCR assays confirmed 16 of these targets, and 9 of these genes (ARHGAP29, CDC25A, CDKN2AIP, CX3CL1, ELF4, GNAL, KDELR1, POU4F2, and THRA) have a known role in tumorigenesis. In addition, a networking analysis of these validated NPAS2 targets revealed that all nine genes, together with REN, are involved in a "Cancer, Cell cycle, Neurological Disease" network. These results report the first list of direct transcriptional targets of NPAS2 and will shed light on the role of circadian genes in tumorigenesis.
Introduction
Neuronal PAS domain protein 2 (NPAS2) is the largest of the circadian genes (176.68 kb) and maps on chromosome 2 at 2q11.2. NPAS2 encodes for a member of the basic helixloop-helix-PAS class of transcription factors and is expressed in the mammalian forebrain and several peripheral tissues. NPAS2 forms heterodimers with BMAL1 (brain and muscle ARNT-like protein 1, also known as aryl hydrocarbon receptor nuclear translocator-like (ARNTL)), and transcriptionally activates expression of the circadian genes PER and CRY, which are required for maintaining biological rhythms in many organisms [1, 2] . In animal studies, altered circadian patterns of sleep and behavioral adaptability have been observed in NPAS2-deficient mice [3] . Previous evidence has also suggested that deficiency in NPAS2 leads to decreased oscillation of other circadian genes such as PER1, suggesting a negative impact on the periodicity present in normally functioning molecular clock mechanisms [4] .
In addition to its involvement in circadian regulation, emerging data have demonstrated a novel role of NPAS2 as a risk biomarker in human cancers, and a substantial impact of NPAS2 on tumor related biological pathways such as cell cycle checkpoint and DNA repair. For example, our previous genetic epidemiological studies have demonstrated significant associations between a missense polymorphism (Ala394Thr) in NPAS2 and risk of breast cancer [5] , prostate cancer [6] and non-Hodgkin's lymphoma [7] . In addition, the NPAS2/ BMAL1 heterodimer has been shown to mediate the binding of the oncogene c-myc and suppress its transcription [8] . Moreover, our recent in vitro functional analyses have provided new evidence that NPAS2 is important for DNA damage response, and functions as a potential tumor suppressor [9] .
Despite this growing body of evidence suggesting that NPAS2 may be associated with cancer risk, the underlying mechanisms of NPAS2's role in tumorigenesis are far from complete, mainly because very few of its direct transcriptional targets have been identified. It has been shown that expression of the circadian genes PER1, PER2, and CRY1 are positively regulated by NPAS2/BMAL1 heterodimers in the circadian feedback loop [4] . However, it is still not clear whether NPAS2 binds directly to the binding sequences of these genes. The aim of this study was to identify direct transcriptional target genes of the circadian gene NPAS2. To this end, we performed a chromatin immunoprecipitation followed by microarray (ChIP-on-chip) assay, the gold standard for determining DNA binding targets for transcription factors. Targets identified by ChIP-on-chip were validated by real-time PCR and siRNA analyses. A networking analysis was also performed using identified target genes to gain more insight into the role of NPAS2 in cancer development.
Materials and methods

Cell culture
The breast cancer cell line MCF-7 and an immortal human epithelial cell line MCF-10A were obtained from American Type Culture Collections (Manassas, VA). MCF-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen), 0.01 mg/ml insulin, and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO). MCF-10A cells were maintained in RPMI modified medium (Invitrogen) supplemented with 5% horse serum (Invitrogen), 13 mg/ml bovine pituitary extract, 10 μg/ml human epidermal growth factor, 5 mg/ml insulin, and 0.5 mg/ml hydrocortisone (Lonza, Walkersville, MD). Cells were incubated in a humidified incubator at 37 °C and 5% CO 2 .
Western blotting
Cell lysate was prepared using the standard protocol, and protein concentration was determined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA) with BSA as standards. Proteins were resolved on 4-12% Novex Bis-Tris gradient denaturing polyacrylamide gels (Invitrogen), transferred to a polyvinylpyrrolidine difluoride membrane, and blotted with Rabbit polyclonal anti-NPAS2 (sc-28708, Santa Cruz) at 4 °C overnight. The membrane was then washed with fresh blotto three times for 10 min, and incubated with alkaline phosphatase-conjugated secondary antibody for an hour at room temperature. Enhanced chemifluorescence reagent (Amersham Life Science Ltd., Buckinghamshire, United Kingdom) was applied to the membrane according to the manufacturer's instructions, and the chemiluminescent signal was visualized using a Kodak BIOMAX Light Film.
Chromatin immunoprecipitation
The ChIP assay was performed using the ChIP Assay Kit (Millipore, Billerica, MA) according to the manufacturer's protocol. Briefly, cells were grown in 100 mm cell culture plates to 80% confluence. Cross-linking of protein and DNA was performed using cell culture medium containing 1% formaldehyde at room temperature for 10 min. Sonication was performed using an Omni Ruptor 250 Ultrasonic Homogenizer (Omni International, Marietta, GA) to generate input material. This input sample was then incubated with primary antibody (anti-NPAS2) and negative control (Rabbit IgG) for immunoprecipitation (IP). Agarose beads were added to the reactions to bind protein-conjugated antibody. The antibody-protein-DNA complex was then eluted from the agarose beads with freshly prepared elution buffer (1% SDS, 0.1 M NaHCO 3 ) and the cross-linking was reversed by adding 5 M NaCl for 4 h at 65 °C followed by proteinase K digestion at 45 °C for 1 h. The final DNA, representing NPAS2 target sequences, was purified using the GENECLEAN Turbo kit (Qbiogene, Carlsbad, CA) according to the manufacturer's instructions. Ligationmediated PCR (LM-PCR) (Agilent Technologies, Foster City, CA) was used to amplify DNA according to the manufacturer's protocol. Two ChIP assays were performed independently and both amplified DNA samples were used in the subsequent human binding microarray analysis.
Binding microarray analysis
We worked with MOgene Inc. (St. Louis, MO) to perform the Human Binding Array (Agilent) using the amplified DNA obtained from the ChIP experiment. Labeling, hybridization, and image analyses were all performed at MOgene, an Agilent certified service provider for ChIP-on-chip analysis. The binding array for human promoter includes a total of 488 k probes that target ~17,000 of the best defined human transcripts covering 5.5 kb upstream to 2.5 kb downstream from the transcriptional start sites. A whole-chip error model [10, 11] was used for array data analysis and to call a bound gene (target gene). The neighborhood error model takes into account neighboring probes and calls a region as bound, not just a single probe. Genes associated with significant regions are therefore considered target genes. The binding array analysis was performed for both duplicate samples from the ChIP assay. The complete microarray data were uploaded to the Gene Expression Omnibus (GEO) database (<http://www.ncbi.nlm.nih.gov/projects/geo/>): accession #GSE15052.
Validation of bound genes
Genes identified as potential NPAS2 targets by ChIP-on-chip were further validated by realtime PCR. For each bound region within a target gene we chose the probe with the lowest pvalue and designed primers around this 60-mer binding probe. Simultaneously, we chose an internal probe in the same gene and designed an additional set of primers around that internal 60-mer to serve as a control. Therefore, for each gene, two sets of primer pairs were designed to amplify both the NPAS2 binding region and a non-specific control region. The Primer3 program (<http://frodo.wi.mit.edu/>) was used for primer design (Supplemental Table 1 ), and standard duplicated real-time PCR assays were performed using Power SYBR ® Green PCR Master Mix (Applied Biosystems, Foster City, CA). PCR products from the binding primers were normalized to products from internal primers for both chipenriched DNA and input material. Fold changes of enrichment were quantified according to the 2 −ΔΔCt method.
NPAS2 knockdown and bound gene expression
siRNA oligos targeting NPAS2 (Duplex Sense: CCCAGGGUCCAAAGCCAAUGAGA-AG; Antisense: CUUCUCAUUGGCUUUGGACCCUGGGUU) and a scrambled-sequence negative control siRNA with no known homology to the human genome to control for the effects of transfection, were chemically synthesized by Integrated DNA Technologies (IDT, Coralville, IA). The oligos were transfected into MCF-7 using the Lipofectamine RNAi Max transfection reagent (Invitrogen) according to the manufacturer's instructions. Cells were harvested 48 h post-transfection and RNA was isolated using the RNA Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Primers for NPAS2 and all identified target genes from ChIP-on-chip analysis were designed in-house and chemically synthesized by IDT (Supplemental Table 2 ). Quantitative, real-time reverse transcription PCR (qRT-PCR) conditions were prepared using the Quantitect one-step kit (Qiagen) according to the manufacturer's protocol. Standard duplicated qRT-PCRs with disassociation curves were performed on a Stratagene MX3000P instrument (Stratagene, La Jolla, CA). RNA quantity was normalized to HPRT, and changes in RNA expression were quantified according to the 2 −ΔΔCt method.
Networking analysis of identified NPAS2 transcriptional targets
To further explore whether identified NPAS2 transcriptional targets are involved in any cancer-related pathways, we built a network of the validated target genes using the Ingenuity Pathway Analysis (IPA) program (Ingenuity Systems Inc., www.ingenuity.com). IPA is a comprehensive pathway analysis software tool that builds up biological pathways from high throughput data such as co-expressed genes identified by expression arrays. It can establish networks of functional relationships (transcriptional regulation, cell signaling, metabolism, etc.) directly among sets of genes or through interactions with other genes, utilizing findings in previous scientific literature. In our study, we input all confirmed NPAS2 binding genes into the program to construct hypothetical dynamic models of the functions of NPAS2 target genes.
Results
NPAS2 expression in breast cancer cell line MCF-7
It is now clear that molecular clocks reside not only in a central pacemaker, but also in peripheral tissues, even in immortalized cells [12, 13] . Previous evidence suggests that circadian genes, including NPAS2, show detectable circadian mRNA expression in all tissues except testis [14] . Before beginning our study we confirmed the presence of measurable levels of NPAS2 expression in MCF-7 cells using quantitative reverse transcription PCR (qRT-PCR), as well as the presence of NPAS2 protein in MCF-7 cells by Western blotting. The results from our qRT-PCR assays demonstrate that NPAS2 was expressed at measurable mRNA levels in MCF-7 cells (Fig. 1A) . The Western blotting results indicated a strong band corresponding to NPAS2 protein at about 90 kD (Fig. 1B1) , and β-actin at 42 kD was used as control (Fig. 1B2 ).
Chromatin immunoprecipitation of NPAS2
In order to obtain accurate results in the ChIP assay, it is critical to have DNA fragments between 100-1000 bp. Therefore, we first tested the sonication conditions using an Omni Ruptor 250 Ultrasonic Homogenizer. We found that 30% power output and 50% pulse generated DNA fragments within the appropriate range, with the majority of the fragments at around 500 bp. Equal amounts of anti-NPAS2 or rabbit IgG control were used in the ChIP assay. To verify the ChIP results, protein was eluted and resolved using a 4-12% Bis-Tris gel (Invitrogen), and blotting was performed using anti-NPAS2. A strong band at about 90 kD was detected in the ChIP with anti-NPAS2 (Fig. 2, lane 1) , but not in the ChIP with rabbit IgG (Fig. 2, lane 2) . These results showed that the anti-NPAS2 we used in the study is sensitive and specific to bind with NPAS2 protein in the ChIP assay.
Transcriptional targets of NPAS identified in ChIP-on-chip assay
The ChIP-on-chip assay was repeated twice. There were over 100 NPAS2 binding sequences identified in each experiment, and 64 over-lapping bound genes were detected in both experiments. After removal of repetitive genes and suspected false positives (e.g. genes located on the Y chromosome), 26 replicated target genes were identified for subsequent validation by quantitative real-time PCR. Of this initial 26, 16 targets were confirmed by qPCR to be significantly enriched by ChIP-on-chip analysis of NPAS2. These 16 confirmed genes were : ARHGAP29, BC033172, BRDG1, Clorf188, CADPS2, CDC25A, CDKN2AIP,  CX3CL1, DNAH2, ELF4, GNAL, KDELR1, POU4F2, RD3, REN , and THRA. Detailed information regarding these genes, including gene symbol, chromosomal location, brief functionality and fold change of enrichment are shown in Table 1 . The gene function description was summarized from information obtained from the Entrez Gene Summary and Ingenuity gene summary databases, which indicate that 9 out of the 16 identified genes are related to tumorigenesis.
Effect of NPAS2 silencing on target gene expression
We performed a loss-of-function experiment using small interfering oligos (siRNA), in order to determine the impact of NPAS2 reduction on the expression of target genes using cells derived from tumor and normal tissue. MCF-7 and MCF-10A cells were transfected with an NPAS2-targeting siRNA oligo, or a non-targeting negative control oligo. Percent reduction in target gene expression (relative to negative control and normalized to HPRT content) was then calculated for each target gene using the following formula: [1 -2 −ΔΔCt ] × 100% (Fig. 3) 
Cancer related network built from NPAS2 transcriptional targets
All of the 16 confirmed NPAS2 targets were input in the IPA pathway analysis software to determine whether they were functionally related. Ten of these genes were identified in a cancer-and cell cycle-related network connected via transcriptional regulation and proteinprotein interactions (Fig. 4) . Interestingly, this network contained all nine of the cancerrelated target genes (ARHGAP29, CDC25A, CDKN2AIP, CX3CL1, ELF4, GNAL, KDELR1, POU4F2, and THRA). Each of these genes had previously established roles in tumor development, growth, and invasion in breast cancer or other human cancer types. The central molecules of the network were CDKN2A (p16, cyclin-dependent kinase inhibitor 2A), ERK protein, INFG (interferon gamma), and retinoic acid. The major function of the network identified by the IPA tool was "Cancer, Cell cycle, Neurological Disease". Both CDC25A and CDKN2AIP directly interact with CDKN2A, a well known tumor suppressor that controls cell cycle progression. CX3CL1 and POU4F2 interact with IFNG, an important immune response mediator that has been shown to have a potential therapeutic effect in breast cancer [15] . ELF4 and ARHGAP29 are regulated by retinoic acid. The symbol, name, intracellular location, and gene family of all 35 genes contained in the network are listed in Supplemental Table 3 .
Discussion
Although little is known about NPAS2's downstream transcriptional targets, it has been recently shown that NPAS2 is a risk biomarker in human cancers, and plays a role in tumorigenesis by affecting cancer-related genes and relevant biological pathways [5] [6] [7] 9] . The current genome wide ChIP-on-chip analysis has identified 16 confirmed transcriptional targets of NPAS2, and nine of these genes have a known role in cancer development. Specifically, two NPAS2 targets, CDKN2AIP (also known as p16 interact protein) and CDC25A, are known cell cycle regulators. CDKN2AIP interacts with p16, p53, and MDM2 and is a critical regulator of the p16-p53-p21 pathway [16, 17] . CDC25A is a member of the CDC25 family of phosphatases and is required for the G1/S and G2/M transition [18] . Three other target genes, ARHGAP29, POU4F2, and GNAL, have been shown to promote tumorigenesis and progression in human cancers. ARHGAP29, which negatively regulates Rho signaling, is a potential tumor suppressor in mantle cell lymphoma (MCL), since its expression is reduced by several mechanisms such as deletion and promoter methylation in MCL cell lines and primary MCL cases [19, 20] . POU4F2 is a member of the POU domain family of transcription factors, which play important roles in the control of cell identity. It has been shown that POU4F2 increases breast cancer proliferation and invasion by transcriptional regulation, such as through augmenting the expression of cyclin D1 and CDK4 [21, 22] . GNAL (G protein alpha) increases cell transformation [23] , and promotes in vitro cell invasion and survival [24] . CX3CL1 is the sole CX3C chemokine and may mediate immune response against tumor cells [25, 26] . KDELR1 is involved in intracellular signal transduction and is frequently lost in gliomas [27] . THRA may mediate biological activities of thyroid hormone and its expression level is altered in thyroid and breast cancer [28, 29] . ELF4 is also a transcription factor and potential tumor suppressor gene that regulates cell cycle entry and is [30, 31] , underexpressed in micrometastatic breast cancer [32] . Overall, the cancer-related involvement of these transcriptional targets support recent findings suggesting NPAS2 is a potential tumor suppressor, in addition to its role in circadian regulation.
Moreover, transcriptional regulation and protein-protein interactions among these nine identified NPAS2 targets form a network which is biologically relevant for processes related to cell cycle and cancer. The central molecules of the network are p16, ERK, Interferon γ, and retinoic acid. They are important signaling molecules involved in multiple cellular processes such as cell cycle control, proliferation, and differentiation. These results suggest a dynamic model in which NPAS2 and its target genes are integral in cancer-related biological pathways such as cell cycle regulation and cell fate. Because the IPA software used in the study established potential gene interaction networks based solely on empirical knowledge extracted from existing published literature, it is possible that NPAS2 affects other cancer-related pathways as well.
Over 60% of the target genes identified in the ChIP-on-chip assay were confirmed by quantitative real-time PCR in our study, which is consistent with the 67-69% confirmation rate reported in a previous study correlating microarray expression data and real-time PCR results using an oligonucleotide based microarray [33] . It has been shown that genes with moderate expression levels are more likely to have high correlation between expression results and real-time PCR quantification, since extreme expression levels (too low or too high) are more likely to cause high false-positive rates in microarray based assays [34] . Indeed, this is what we observed in our ChIP-on-chip array, where the hybridization signals of the majority of the 16 verified genes were in the middle range, whereas most of the unconfirmed genes had signals in the two extreme ends. Specifically, among the 26 targets from the ChIP-on-chip analysis, nine genes have extreme intensity values (>2000 or <50), and only three of them were later verified by real-time PCR. In addition, there are 12 genes located on the Y chromosome that are clearly false positive targets, as MCF-7 cells are derived from a female patient. As expected, all of the 12 genes on the Y chromosome had extremely low intensities on the array (<50). Moreover, it cannot be ruled out that the statistical models used to identify positive binding sequences might generate false positive genes, or miss real targets [35] .
Knockdown of NPAS2 by siRNA resulted in greater than 50% reduced expression in six of the 16 identified transcriptional targets in MCF-7 cells. However, the expression of 14 of the 16 genes was significantly affected by NPAS2 silencing in an immortalized "normal" human mammary epithelial cell line MCF-10A, which is non-tumorigenic in athymic mice. The fact that NPAS2 knockdown had a greater impact in normal cells relative to tumor cells underscores the fact that complex transcriptional regulatory processes, including those involving the circadian system, are often dysregulated in tumor cells. Since MCF-10A cells are more likely to mimic the conditions present in normal breast epithelium, it is of note that NPAS2 silencing had the potential to influence a number of cancer-related genes in these cells, as this provides further evidence suggesting that NPAS2 may operate as a tumor suppressor, and loss of NPAS2 function may be an early event in tumor development.
Within the circadian feedback loop, PER1, PER2, and CRY1 are regulated by NPAS2/ BMAL1 heterodimers [4] . NPAS2/BMAL1 heterodimers have also been shown to directly bind to binding sites in PER1 and c-MYC [8] . However, neither of these genes were identified as direct NPAS2 transcriptional targets in our study. This might be due to a variety of reasons, including the stringent criteria used to identify true targets, or the tissue specific functions of the NPAS2 gene. It has previously been suggested that expression and regulation of circadian genes might be organ specific [36] . Previous NPAS2 studies were carried out in neuronal tissues or cultured neuron cell lines, whereas epithelial breast cancer cells were used in our ChIP-on-chip assay. It is possible that NPAS2 may regulate different transcriptional targets in different tissue types. Also, some genes have high binding affinity of NPAS2 by ChIP-PCR results (such as DNAH2), but did not show much change in the siRNA experiment. This might be caused by the complex nature of transcription since the binding of a TF to its binding sequence does not guarantee an active transcription as the process can be controlled by many other factors such as association with a co-activator or co-repressor [37] .
It is of note that the number of transcriptional targets identified is quite low in ChIP-on chip analysis. One reason might be that the binding array for human promoter used in the study includes probes that target human transcripts covering 5.5 kb upstream to 2.5 kb downstream from the transcriptional start sites. As such, potential binding sites outside these regions can not be detected. Another reason could be that many human genes are not included in the analysis since the current array only covers about 17,000 of the best defined human transcripts. Thus, it is possible that there are potentially more NPAS2 transcriptional targets that have not been identified in the current analysis.
In summary, our results report the first list of direct transcriptional targets of NPAS2 identified from a genome-wide ChIP-on-chip array. Interestingly, over half of these target genes are cancer-related. There are still several questions which remain unanswered, including the identification of consensus binding sequences for NPAS2. E-box sequences (CANNTG) were found in 80% of our confirmed targets, but they were present in 81% of unconfirmed genes as well. As such, it is still not clear whether NPAS2 binds to E-box sequences, or other unknown motifs. Subsequent studies should also aim to address whether NPAS2 has tissue specific binding targets, and whether NPAS2 targets may change following an external challenge, such as exposure to mutagenic agents. Given the increasing evidence supporting a role of NPAS2 in cancer development, identification of its transcriptional targets is an important step towards a better understanding of NPAS2 biology, and will facilitate future mechanistic investigations of NPAS2 as a potential tumor suppressor. Reduced expression of target genes in MCF-7 and MCF-10A cells following NPAS2 silencing. Expression differences were calculated using the 2 −ΔΔCt method comparing expression levels in cells treated with an NPAS2-targeting siRNA oligo to cells treated with a negative control siRNA. Expression of the HPRT gene was used for normalization. Percent reduction was calculated for each gene as: ([1-2 −ΔΔCt ] × 100%). CDC25A and THRA were moderately up-regulated in MCF-7 cells after NPAS2 knockdown, and are thus shown as 0% reduced. All other genes were down-regulated. Network of confirmed NPAS2 ChIP enriched genes. Ten of the 16 confirmed genes belong to a network classified as "Cancer, Cell Cycle, Neurological Disease". The network was generated using the Ingenuity program by inputting the 16 confirmed NPAS2 target genes. All the genes are functionally connected to each other by transcriptional regulation or by protein-protein interactions. The highlighted genes are NPAS2 transcriptional targets revealed by the ChIP-on-chip assay. Table 1 Identified transcriptional binding targets of the circadian gene NPAS2. 
